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Context:

Dynamical or composite theories of the large top quark mass often 
include TeV-scale vectorlike top quark (T) and bottom quark (B) partner 
states accessible at the LHC.  T and B can potentially lie in various 
electroweak representations and generally carry color charge. 

LHC searches for T and B partner states have mainly focused on
• QCD-induced pair production of TT or BB  (for lighter partner states)
• Electroweak production of a single T or B, decaying into a third-generation quark and 

an electroweak scalar or vector boson  (for heavier partner states)

These searches produce lower bounds on T or B masses of 1-1.5 TeV; 
details depend on the assumed dominant decays of the partner state.

Scenarios with both B and T states offer discovery channels that cover 
higher masses and otherwise inaccessible areas of parameter space.  

2



B partners

The strongest single-production limits on B states are from searches 
seeking “excited b quarks” produced through bg-fusion via a 
chromomagnetic moment operator

Such an interaction occurs naturally if ordinary quarks and their 
partners are composite states (arising from a dynamical theory of flavor 
and electroweak symmetry breaking) and share constituents.

Current LHC bounds from single production of an excited B decaying to 
tW or bg set limits of order 

New possibilities arise if both T and B are present and form a single 
electroweak multiplet. 
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T and B in a single electroweak multiplet

In this context there are two ways to extend searches for T and B 
vectorlike partners by considering the effects of the (usually neglected) 
chromomagnetic interactions. 

1. If B is heavier than T, then B will be produced via bg fusion through 
the operator above (                          ) and will decay to TW

2. Since T is also a color-triplet composite fermion, it will have its own 
chromomagnetic operator 

This enables associated single production of T via gg à Tt
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Signal kinematics are distinctive

The kinematics of bg → B → TW and gg → tT are very similar: each 
yields a heavy T associated with a much lighter SM state (W or t).     
This provides a highly distinctive signature. 

Consider, for instance, gg → tT → t t h
• The t is dominantly produced at threshold. 
• The t and h produced from T à th are each highly boosted “fat jets”.

Combinatorial issues usually make tth events hard to reconstruct.
• Here, the different kinematics of t and t unambiguously distinguish them. 
• One could therefore combine the fat t jet and fat h jet (if h à bb) to seek an 

invariant mass peak that would reveal the presence of the T state. 
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Background kinematics don’t resemble signal

• The tt+jet background would have the same composition as the 
signal and nominally has a large cross-section.

• However, only radiation of an unusually hard gluon would enable 
one of the top quarks to be as near-threshold as in the signal case. 

• Moreover, the kinematics would not resemble the signal’s at all
• Combining g + softer t should reveal reveal an invariant mass peak at mt
• Combining g + harder t should not yield anything distinctive. 

• The ttW background would be only electroweak in rate.
• Again, its kinematics would differ from the signal’s; there would be no reason 

for one of the tops to be significantly boosted relative to the other.
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tl;dr

For compositeness scales Λ in the few to tens of TeV regime, the two 
proposed channels

• complement conventional searches for a heavy vectorlike quark 
via either pair or single production, as well as those for single 
excited b quark production. 

• extend the LHC’s reach for vectorlike partner quarks at run III and 
HL-LHC into interesting regions of model parameter space
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Simplified Model: gauge eigenstates

We consider a simple extension of the SM with new composite EW 
doublets and singlets of vector-like fields directly associated with 
generating the top-quark mass:

These new gauge eigenstates couple to their elementary SM top and 
bottom counterparts and the SM Higgs doublet via mass mixings

We assume the Higgs is composite, so we neglect its direct couplings to 
elementary quarks.
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Simplified Model: chromomagnetic couplings

The gauge eigenstates mix to form mass eigenstates t, T1, T2, b, B1

Partial compositeness generally predicts d=5 chromomagnetic
interactions at the EW scale [where                             ]

The mixing of SM and partner gauge eigenstates yields off-diagonal 
chromomagnetic interactions between a single third-generation mass 
eigenstate and a single heavy partner eigenstate:
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Simplified Model: parameter space

This model is determined by five independent mixing parameters and 
the compositeness scale.  Fixing mt at the SM value, we have the 
following five quantities to track:

We explore variations in
• degrees of overall SM/partner mixing (scale of    ‘s)
• relative sizes of q0

L and t0R mixing with partners (                    )
• Doublet-to-singlet mass ratio, which controls decoupling of T2 and 

singlet-vs-doublet nature of T1 and T2.  (                  )
10

<latexit sha1_base64="8rJ7pziNGVgpDPnVchYMxfnXZbY="></latexit>⇢
✏L =

! L

M Q
, ✏R =

! R

M ÷T
, mT1 ,

M Q

M ÷T
, "

�

<latexit sha1_base64="TiunfhzdNARBSysZ2a0a3HeyOmI=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYnvcmQ2dl1ZlYIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WDGSfoR3QgecgZNVZqdzHRXMSyV664VXcGsky8nFQgR71X/ur2Y5ZGKA0TVOuO5ybGz6gynAmclLqpxoSyER1gx1JJI9R+Nrt3Qk6s0idhrGxJQ2bq74mMRlqPo8B2RtQM9aI3Ff/zOqkJr/2MyyQ1KNl8UZgKYmIyfZ70uUJmxNgSyhS3txI2pIoyYyMq2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgIeIZXeHMenRfn3fmYtxacfOYQ/sD5/AFQEZAq</latexit>!
<latexit sha1_base64="RI5yswiOU+CzNYB30Z2rMpVKRgU=">AAACDXicbZDJSgNBEIZ7XGPcRj16aYyCpzAjbsegFw8eopgFMiH0dCpJk56F7ppgGPICXnwVLx4U8erdm29jZ0E0saDh4/+rqK7fj6XQ6Dhf1tz8wuLScmYlu7q2vrFpb22XdZQoDiUeyUhVfaZBihBKKFBCNVbAAl9Cxe9eDv1KD5QWUXiH/RjqAWuHoiU4QyM17H0PYi2kwWuPph7CPaqA9vTAoz/ObcPOOXlnVHQW3AnkyKSKDfvTa0Y8CSBELpnWNdeJsZ4yhYJLGGS9REPMeJe1oWYwZAHoejq6ZkAPjNKkrUiZFyIdqb8nUhZo3Q980xkw7Ohpbyj+59USbJ3XUxHGCULIx4taiaQY0WE0tCkUcJR9A4wrYf5KeYcpxtEEmDUhuNMnz0L5KO+e5k9ujnOFi0kcGbJL9sghcckZKZArUiQlwskDeSIv5NV6tJ6tN+t93DpnTWZ2yJ+yPr4B7rqcHg==</latexit>! L vs ! R

<latexit sha1_base64="qrzfn+bOyBprG+58cfogry7L/3Y=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqibia1l046bQQl/QhjCZTNqhk0mYmQghxF9x40IRt36IO//GaZuFth64cDjnXu69x4sZlcqyvo3S2vrG5lZ5u7Kzu7d/YB4e9WSUCEy6OGKRGHhIEkY56SqqGBnEgqDQY6TvTe9nfv+RCEkj3lFpTJwQjTkNKEZKS65ZbbpteA6bbjZSlPkk6+S5a9asujUHXCV2QWqgQMs1v0Z+hJOQcIUZknJoW7FyMiQUxYzklVEiSYzwFI3JUFOOQiKdbH58Dk+14sMgErq4gnP190SGQinT0NOdIVITuezNxP+8YaKCWyejPE4U4XixKEgYVBGcJQF9KghWLNUEYUH1rRBPkEBY6bwqOgR7+eVV0ruo29f1q/ZlrXFXxFEGx+AEnAEb3IAGeAAt0AUYpOAZvII348l4Md6Nj0VryShmquAPjM8fxaqUPQ==</latexit>

M Q /M ÷T



Production of B! and T! states at LHC
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Recasting “excited b quark” searches
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Proposed new searches:                              &  

13

<latexit sha1_base64="Swkl3I9/H+54HL3bIwt6jQ5stHM=">AAAB/XicdVDLSsNAFJ3UV62v+Ni5GSyCq5BIn7tSNy4r9AVtCJPptB06SYaZiVBD8VfcuFDErf/hzr9xmkZQ0QPDPZxzL3Pv8TmjUtn2h5FbW9/Y3MpvF3Z29/YPzMOjroxigUkHRywSfR9JwmhIOooqRvpcEBT4jPT82dXS790SIWkUttWcEzdAk5COKUZKS555wjkcqgg2PSetbV17nlm0rbrt1MtVuCK1UkYqdehYdooiyNDyzPfhKMJxQEKFGZJy4NhcuQkSimJGFoVhLAlHeIYmZKBpiAIi3STdfgHPtTKC40joFyqYqt8nEhRIOQ983RkgNZW/vaX4lzeI1bjmJjTksSIhXn00jhnUZy6jgCMqCFZsrgnCgupdIZ4igbDSgRV0CF+Xwv9J99JyKlb5plRsNLM48uAUnIEL4IAqaIBr0AIdgMEdeABP4Nm4Nx6NF+N11Zozsplj8APG2ydbUpPo</latexit>

pp ! B1 ! T1W
<latexit sha1_base64="wuJh3uev8QLuWvyIDf5GXCHgKWc=">AAAB83icdVDLSsNAFJ3UV62vqks3g0VwFRLpc1d047JCX9CEMplO26GTZJi5EUrob7hxoYhbf8adf+O0jaCiBy4czrmXe+8JpOAaHOfDym1sbm3v5HcLe/sHh0fF45OujhNFWYfGIlb9gGgmeMQ6wEGwvlSMhIFgvWB2s/R790xpHkdtmEvmh2QS8TGnBIzkSYk9iHF76GIYFkuO3XDcRqWG16Rezki1gV3bWaGEMrSGxXdvFNMkZBFQQbQeuI4EPyUKOBVsUfASzSShMzJhA0MjEjLtp6ubF/jCKCM8jpWpCPBK/T6RklDreRiYzpDAVP/2luJf3iCBcd1PeSQTYBFdLxonAps3lwHgEVeMgpgbQqji5lZMp0QRCiamggnh61P8P+le2W7VrtyVS83rLI48OkPn6BK5qIaa6Ba1UAdRJNEDekLPVmI9Wi/W67o1Z2Uzp+gHrLdPPWqRMw==</latexit>

pp ! T1t

<latexit sha1_base64="uVbcyPSEz8y52Hl5GAgA1PNKBFk=">AAACH3icbVDLSsNAFJ34rPUVdelmsAh1UxLR6rLoxmWFvqApZTKdNkMnD2Zu1BL6J278FTcuFBF3/RsnaRbaemDgcM653LnHjQRXYFkzY2V1bX1js7BV3N7Z3ds3Dw5bKowlZU0ailB2XKKY4AFrAgfBOpFkxHcFa7vj29RvPzCpeBg0YBKxnk9GAR9ySkBLfbMaRdiBEDf6NoaMlcE7w+BgB+PEAfYE0sePHLxpKnlZxHX7ZsmqWBnwMrFzUkI56n3z2xmENPZZAFQQpbq2FUEvIRI4FWxadGLFIkLHZMS6mgbEZ6qXZPdN8alWBngYSv0CwJn6eyIhvlIT39VJn4CnFr1U/M/rxjC87iU8iGJgAZ0vGsYC6xvTsvCAS0ZBTDQhVHL9V0w9IgkFXWlRl2AvnrxMWucVu1q5vL8o1W7yOgroGJ2gMrLRFaqhO1RHTUTRM3pF7+jDeDHejE/jax5dMfKZI/QHxuwH6gigdw==</latexit>

pp ! T1t ! (th)t with h ! bb

<latexit sha1_base64="XpdQTSa46kvuxGSeLcWndDt9GfQ=">AAACJnicbVDLSgMxFM3UV62vqks3wSLUTZkRXxuh1I3LCn1BZyiZNO2EZh4kd9Qy9Gvc+CtuXFRE3PkpptNZaOuBcA/n3MvNPW4kuALT/DJyK6tr6xv5zcLW9s7uXnH/oKXCWFLWpKEIZccligkesCZwEKwTSUZ8V7C2O7qd+e0HJhUPgwaMI+b4ZBjwAacEtNQr3kQRtiHEtZ6V1oau7ZSVwTvFbRvbOLGBPYH08SMHbzJTvLTDdXvFklkxU+BlYmWkhDLUe8Wp3Q9p7LMAqCBKdS0zAichEjgVbFKwY8UiQkdkyLqaBsRnyknSMyf4RCt9PAilfgHgVP09kRBfqbHv6k6fgKcWvZn4n9eNYXDtJDyIYmABnS8axALrG2eZ4T6XjIIYa0Ko5PqvmHpEEgo62YIOwVo8eZm0zirWZeXi/rxUrWVx5NEROkZlZKErVEV3qI6aiKJn9Iqm6N14Md6MD+Nz3pozsplD9AfG9w9c6KK0</latexit>

pp ! B1 ! T1W ! (th)W with h ! bb



Proposed new searches when 

14

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
mB1 [TeV]

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

! = ! L = !R
M = MQ = M ÷T

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6
mB1 [TeV]

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

! = 2! L = !R
M = MQ = M ÷T

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

2.4 2.8 3.2 3.6 4.0
mB1 [TeV]

2.4 2.8 3.2 3.6 4.0 4.4

2.8 3.2 3.6 4.0 4.4 4.8

! = ! L = 2!R
M = MQ = M ÷T

Significant reach for both B1 and T1
which complements conventional “excited b quark” searches for B1.  

Both B1 and T1 accessible,    
in contrast to conventional 

searches
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This is a part of parameter space the conventional “excited b quark” searches do not probe.  
The                                         channel is especially valuable. 

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

3.5 4.0 4.5 5.0 5.5 6.0
mB1 [TeV]

3.5 4.0 4.5 5.0 5.5 6.0

3.5 4.0 4.5 5.0 5.5 6.0

! = ! L = !R
M = MQ = 2M ÷T

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

3.5 4.0 4.5 5.0 5.5
mB1 [TeV]

2.5 3.0 3.5 4.0 4.5

2.5 3.0 3.5 4.0

! = 2! L = !R
M = MQ = 2M ÷T

1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
mT1 [TeV]

4

10

20

30

![
Te

V
]

B1 search
T1 search

0.7
1.3
2.0

4.0 4.8 5.6 6.4 7.2
mB1 [TeV]

4.8 5.6 6.4 7.2 8.0

5.6 6.4 7.2 8.0 8.8 9.6

! = ! L = 2!R
M = MQ = 2M ÷T

<latexit sha1_base64="O6FU1qyLqBLLnKudYx6HATRWYfQ=">AAAB/HicdZDLSsNAFIYn9VbrLdqlm8EiuApJ6XUjpW7cCBV6gzaEyXTSDp1cmJkIIdRXceNCEbc+iDvfxmkbQUV/GPj4zzmcM78bMSqkaX5ouY3Nre2d/G5hb//g8Eg/PumLMOaY9HDIQj50kSCMBqQnqWRkGHGCfJeRgTu/WtYHd4QLGgZdmUTE9tE0oB7FSCrL0Ys3Ttp2rAW8hGWouKvY0Uum0TStZrUO19CoZFBrQsswVyqBTB1Hfx9PQhz7JJCYISFGlhlJO0VcUszIojCOBYkQnqMpGSkMkE+Ena6OX8Bz5UygF3L1AglX7veJFPlCJL6rOn0kZ+J3bWn+VRvF0mvYKQ2iWJIArxd5MYMyhMsk4IRygiVLFCDMqboV4hniCEuVV0GF8PVT+D/0y4ZVM6q3lVKrncWRB6fgDFwAC9RBC1yDDugBDBLwAJ7As3avPWov2uu6NadlM0XwQ9rbJ9Bck6E=</latexit>

M B 1 > 2M T1

<latexit sha1_base64="LDPs+zHSBi9zkac//EyZUOKC0EQ=">AAAB/XicbZDLSsNAFIYnXmu9xcvOzWARXJVEvC2LblxW6A3aECbTSTt0MgkzJ0INxVdx40IRt76HO9/GaZqFtv4w8PGfc5hz/iARXIPjfFtLyyura+uljfLm1vbOrr2339Jxqihr0ljEqhMQzQSXrAkcBOskipEoEKwdjG6n9fYDU5rHsgHjhHkRGUgeckrAWL59mCS4BzFu+C6GnACGvl1xqk4uvAhuARVUqO7bX71+TNOISaCCaN11nQS8jCjgVLBJuZdqlhA6IgPWNShJxLSX5dtP8Ilx+jiMlXkScO7+nshIpPU4CkxnRGCo52tT879aN4Xw2su4TFJgks4+ClOBp0eaKHCfK0ZBjA0QqrjZFdMhUYSCCaxsQnDnT16E1lnVvaxe3J9XajdFHCV0hI7RKXLRFaqhO1RHTUTRI3pGr+jNerJerHfrY9a6ZBUzB+iPrM8fvIeUIw==</latexit>

pp ! T1t ! tth



Distinctive kinematics work as predicted
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Summary

We have investigated the LHC’s discovery reach for top partner states 
produced via their chromomagnetic moment interaction, using

These production mechanisms provide greatly increased sensitivity 
where traditional searches are relatively uninformative.
• Partner masses ~3 TeV can be reached in LHC run III or HL-LHC, substantially 

extending the expected mass reach for these new states.
• Where                      , the new search enables exploration of the case ε=ε!=2ε" to 

which existing searches are insensitive. 
• For      , while conventional searches have very limited reach, the new 

searches allow a wide swath of parameter space to be explored. 17
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Next Steps

In subsequent work, we have been extending the analyses presented 
here both theoretically and phenomenologically. 

• On the theoretical side, 
• We are exploring a more realistic model with a custodial symmetry.        

!"#$%&'("')*+$, -""%.

• On the phenomenological side, 
• We have studied the reach of a FCC-hh/SppC 100 TeV collider.  For top 

partners of a few TeV composite scales of 80–100 TeV should be accessible. 
(arXiv: 2209.03333)
• We are considering additional decay modes for the heavy partners

18
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